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Centrioles are essential for forming cilia, flagella, and
centrosomes and are thus critical for a range of
fundamental cellular processes. Despite their impor-
tance, the mechanisms governing centriole biogen-
esis remain incompletely understood. We performed
a high-content genome-wide small-interfering-RNA-
based screen to identify genes regulating centriole
formation in human cells. We designed an algorithm
to automatically detect GFP-Centrin foci that, com-
bined with subsequent manual analysis, allowed us
to identify 44 genes required for centriole formation
and 32 genes needed for restricting centriole num-
ber. Detailed follow-up characterization uncovered
that the C2 domain protein C2CD3 is required for
distal centriole formation and suggests that it func-
tions in the basal body to template primary cilia.
Moreover, we found that the E3 ubiquitin ligase
TRIM37 prevents centriole reduplication events. We
developed a dynamic web interface containing all
images and numerical features as a powerful re-
source to investigate facets of centrosome biology.
INTRODUCTION
Centrioles and the related basal bodies are evolutionarily
conserved organelles essential for the formation of cilia, flagella,
and centrosomes. Therefore, centrioles are critical for funda-
mental cellular processes such as signaling,motility, and division
(reviewed in Bettencourt-Dias et al., 2011; Bornens, 2012; Nigg
and Raff, 2009). For these processes to be properly executed,
the number of centrioles must be precisely regulated. Despite
their importance, the mechanisms governing centriole biogen-
esis are incompletely understood.
Most cycling cells have two centrioles early in the cell cycle.
Toward the G1/S transition, one procentriole assembles next
to each centriole and then elongates during the remainder of
the cell cycle. Each centriole/procentriole pair recruits pericen-
triolar material (PCM) and thus constitutes one centrosome.DevelThe two centrosomes present at that stage direct bipolar spindle
assembly during mitosis, after which the two entities within each
centrosome, which are now both referred to as centrioles, disen-
gage from one another. As a result, each daughter cell inherits
two centrioles, thus completing the centriole duplication cycle
(reviewed in Go¨nczy, 2012; Nigg and Stearns, 2011).
Alterations in centriole or cilium biogenesis can have dramatic
consequences for cells and organisms. For example, mice lack-
ing the distal centriolar protein Tau tubulin kinase 2 (TTBK2) lack
cilia and, as a consequence, Sonic hedgehog (Shh) signaling
(Goetz et al., 2012). Conversely, tissue culture cells with excess
centrioles form supernumerary cilia, which also results in
impaired Shh signaling (Mahjoub and Stearns, 2012). Further-
more, mutations in centriolar and centrosomal components
cause several human diseases, including microcephaly and cil-
iopaties (reviewed in Bettencourt-Dias et al., 2011; Thornton
and Woods, 2009; Tobin and Beales, 2009).
In addition to an impact on cilia, alterations in centriole biogen-
esis can impair centrosome number and thus affect mitosis and
genome integrity. If a single centrosome is present instead of the
usual two, a monopolar or an asymmetric bipolar spindle may
assemble, leading to incorrect chromosome segregation and
defective spindle positioning (Higgins et al., 2010; Kitagawa
et al., 2011). Conversely, if more than two centrosomes are pre-
sent, a multipolar spindle may assemble. Although cells can
cluster supernumerary centrosomes, the resulting bipolar con-
figurations exhibit dramatically increased chromosome segrega-
tion mistakes (Ganem et al., 2009). Accordingly, aberrations in
centrosome number correlate with tumor progression in patients
(Pihan et al., 2001), and findings in Drosophila indicate that
supernumerary centrosomes can promote tumorigenesis (Basto
et al., 2008). Therefore, a better understanding of the mecha-
nisms regulating centriole biogenesis also holds therapeutic
potential.
Genetic and functional genomic screens in C. elegans have
lead to the identification of five components specifically required
for centriole formation (SPD-2, ZYG-1, SAS-6, SAS-5, and
SAS-4), and subsequent analysis revealed that relatives of these
five proteins play analogous roles in other species, including
humans (reviewed in Go¨nczy, 2012). Additional components
contributing to centriole formation have been identified,
including through functional genomic screens in Drosophila tis-
sue culture cells that monitored PCM recruitment or spindleopmental Cell 25, 555–571, June 24, 2013 ª2013 Elsevier Inc. 555
Figure 1. Screen Principle
(A–C) Control cells. (A) Two centrioles are present
in early G1. A procentriole assembles next to each
centriole starting in early S and elongates during
the remainder of S and in G2. As a result, a
centriole/procentriole pair is present at each
spindle pole during mitosis. (B) Each daughter cell
inherits two centrioles, which move slightly apart
from one another in G1. (C) Under the imaging
conditions, the GFP-Centrin signals of the tightly
associated centriole and procentriole cannot be
separated. Therefore, two GFP foci should be
detected regardless of the cell-cycle stage.
(D–F) Underduplication phenotype. When a gene
required for centriole formation is depleted, mitotic
cells harbor a single centriole in each spindle pole.
Therefore, daughter cells harbor a single centriole,
detected as a single GFP focus.
(G–I) Overamplification phenotype. When a gene
needed to restrict centriole formation is depleted,
supernumerary centrioles form but tend to cluster
during mitosis, resulting in assembly of a bipolar
spindle with more than two centrioles per spindle
pole. Therefore, daughter cells inherit more than
twocentrioles,detectedasmore than twoGFPfoci.
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as through analysis of select individual components, including in
human cells (reviewed in Go¨nczy, 2012; Nigg and Stearns, 2011).
Despite these studies, there are only a handful of components
known to date whose inactivation leads to a robust lack of
centriole formation in cycling human cells (see Table S1A avail-
able online). Given that the human centrosome proteome com-
prises 200 components (Andersen et al., 2003; Jakobsen
et al., 2011) and that factors present elsewhere in the cell may
also play a role, it is likely that additional genes promoting
centriole formation remain to be identified. The knowledge
regarding genes that restrict centriole number is even more
limited (see Table S1B), so it is probable that additional genes re-
stricting centriole number also remain to be identified.
Systematic screens have been conducted in human cells to
uncover genes important for cell-cycle progression or chromo-
some segregation (Kittler et al., 2004; Neumann et al., 2010),
but they failed to identify many of the genes regulating centriole
biogenesis. This is illustrated, for instance, by the Mitocheck
screen, which employed time-lapse microscopy to analyze cells
expressingGFP-Histone2B (Neumann et al., 2010). Although this
lead to the recognition that the ZYG-1 related kinase Plk4 and the
SAS-6 homolog HsSAS-6 exhibit impaired chromosome segre-
gation, the nature of the underlying defect was not clear from
these recordings alone. Furthermore, other genes known to be
essential for centriole formation, including the SAS-5-related
protein STIL and the SAS-4-related protein CPAP, did not exhibit
a phenotype in the Mitocheck screen (Neumann et al., 2010).
Moreover, genes required for later steps of centriole formation
would not have been identified, as their inactivation is not
expected to alter bipolar spindle assembly. In addition, genes
normally restricting centriole number and whose inactivation re-
sults in supernumerary centrioles would also likely have gone
unnoticed because of the clustering of supernumerary centrioles
during mitosis.556 Developmental Cell 25, 555–571, June 24, 2013 ª2013 Elsevier IThe above considerations prompted us to develop and
execute a genome-wide small-interfering RNA (siRNA)-based




We set out to design a siRNA-based functional genomic screen
to systematically identify genes regulating centriole biogenesis in
cycling cells. Moreover, we sought to design the screen so that
the high-resolution images and associated numerical features
could be stored and thus serve to generate an online resource
for the community.
The design principle of the screen is shown in Figure 1. We
chose to utilize HeLa cells carrying an integrated plasmid ex-
pressing GFP-Centrin 1 (hereafter referred to as GFP-Centrin
for simplicity), which is enriched at centrioles and procentrioles
throughout the cell cycle (Piel et al., 2000). Because GFP-Centrin
is present in the distal part of centriolar cylinders, it enables one
to identify components whose depletion interferes with most of
the steps underlying centriole assembly. We planned the screen
so that, 3 days after transfection with siRNAs, cells are fixed and
stained with a DNA dye and imaged thereafter, and the GFP-
Centrin signal is utilized to automatically detect alterations in
centriole number.
In control conditions (Figures 1A–1C), G1 cells harbor two
centrioles. Toward the G1/S transition, a single procentriole
assembles next to each centriole, such that cells in S, G2, and
mitosis all have two centrosomes, each with a centriole and a
closely associated procentriole (Figure 1A). After mitosis, each
daughter cell inherits two centrioles disengaged from one
another (Figure 1B). Because we utilized a 403 air objective,
control cells should exhibit two GFP foci not only in G1, but
also in G2, S, or mitosis, when the closely associated centriolenc.
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ure 1C). By contrast, in the absence of centriole formation (Fig-
ures 1D–1F, hereafter referred to as underduplication), a bipolar
spindle assembles initially because each single centriole can still
recruit PCM (Figure 1D). However, daughter cells inherit just one
centriole, and thus only one focus of GFP is detected (Figures 1E
and 1F). Conversely, upon excess centriole formation (Figures
1G–1I, hereafter referred to as overamplification), although a
bipolar spindle may assemble following clustering of supernu-
merary centrioles (Figure 1G), daughter cells inherit more than
two centrioles and thus harbor more than two GFP foci (Figures
1H and 1I).
Assay Development
We took several steps to translate this design principle into a
robust high-throughput imaging and analysis pipeline; these
steps are outlined below and explained extensively in Supple-
mental Experimental Procedures.
To image the cells, we programmed the autofocus so that the
microscope captures an image of the DNA signal in the focal
plane in the center of the nuclei, and in 12 different fields in
each well of a 96-well plate, amounting to 400 cells per well.
The microscope was programmed to also image the GFP signal
in a stack of nine planes covering the volume where centrioles
can be located (Figure 2A).
To determine the number of GFP foci in each cell, we designed
a custom MATLAB image analysis pipeline. Nuclei were de-
tected using the DNA signal (Figure 2B), and their corresponding
cytoplasmic regions were assigned using the cytoplasmic GFP-
Centrin signal (Figure 2C). Several features, including DNA inten-
sity, nuclear area, and cytoplasmic area, were extracted for
every cell and stored in a cell database (Figure 2D). Because
centrioles are smaller than the resolution of the objective on
the screening microscopes, they appear as diffraction-limited
foci (Figure 2E, red arrows). Therefore, we convolved the stack
of GFP-Centrin images with a three-dimensional (3D) model of
the expected centriolar signal, thus increasing the signal/noise
ratio (Figure 2F, red arrows). We then calculated the maximum
intensity projection of the filtered GFP signal, identified all local
maxima on this image (Figure 2G), and analyzed the distribution
of their maximum intensities for each cell (Figure 2H). We empir-
ically set a threshold at 9 SDs above the background to count
GFP foci as centrosomes (Figure 2H, red arrows), whose fea-
tures, including GFP intensity, focal plane, and position were
stored in a Centrosome Database (Figure 2I). Importantly, we
found that >98% of GFP foci were located in the central seven
planes of the stack (Figure 2J), suggesting that essentially every
centriole in the cell should be detected.
To estimate the accuracy of our algorithm, the number of GFP-
Centrin foci was determined manually for 450 randomly selected
cells, and the results were compared with the automatic count-
ing (Figure 2K). We found that cells manually determined as
having less than two GFP foci or more than two GFP foci were
in both cases detected automatically >93% of the time (Fig-
ure 2K), indicating that the algorithm determines alterations in
centrosome number in a robust manner.
To compute the information for an entire well, the algorithm
was applied for each cell within the well and the results pro-
cessed using a custom KNIME workflow, in which several filtersDevelwere utilized, for example, to exclude cells not expressing GFP-
Centrin or fields that were out of focus. Average values were then
calculated for each well and stored in a well database, and the
fraction of cells in each well with less than two GFP foci or
more than two GFP foci was determined (Figures 2L–2M).
We then addressed whether the screening paradigm is repro-
ducible by analyzing 1,400 distinct siRNAs in duplicate. As
shown in Figure 2N, we found that the correlation coefficient R
between duplicates is 0.8, indicating good reproducibility. We
also determined the sensitivity of the screening paradigm using
siRNAs targeting Plk4, HsSAS-6, or CPAP. We found that 65%
of control cells, but only 13%, 15%, or 30% of cells depleted of
Plk4, HsSAS-6, or CPAP, respectively, were detected as
harboring two GFP foci (Figure 2O). As Plk4 depletion gave the
most penetrant phenotype, with a Z0 score of 0.57, it was retained
as positive control for the remainder of the screen, with siRNAs
that do not target any gene utilized as negative control. Impor-
tantly, satisfactory Z0 values were obtained in the actual screen,
with 90% of the 1,184 plates having a Z0 score >0.4 (Figure 2P).
Overall, we conclude that we developed a robust assay
amenable to high-throughput screening to identify alterations
in the number of GFP-Centrin foci.
Genome-wide siRNA-Based Screen for Alterations in
GFP-Centrin Foci Number
We applied this screening pipeline on a genomic scale using on
average four siRNAs for each gene (Figure 3Ai). Including the
wells with negative and positive control siRNAs, this amounted
to 112,812 wells on 1,184 96-well plates. The number of
centrosomes present in each of the 50 million resulting cells
was then determined automatically, and the average value of
cells with less than two GFP foci and more than two GFP foci
was computed in each well corresponding to 76,138 distinct
siRNAs (Figure 3Aii).
Thereafter, genes were ranked using two scoring functions:
the Redundant siRNA Activity Analysis (RSA) score (Ko¨nig
et al., 2007) and the average of the top two scoring siRNAs (Fig-
ure 3Aiii, ‘‘Top2’’). The two scoring functions were applied in
parallel to identify candidate genes whose depletion leads to
an underduplication phenotype, with many cells having less
than two GFP foci, as well as those whose depletion leads to
an overamplification phenotype, with many cells having more
than two GFP foci, generating four lists of genes in total.
All images corresponding to the top-ranked 250 genes in
each of the four lists and to another extra 162 genes that had
been considered using an earlier ranking strategy, representing
832 genes in total, were inspected manually (Figure 3Aiv; Table
S2). The phenotypic strength was annotated as ‘‘strong’’ (3),
‘‘medium’’ (2), ‘‘weak’’ (1), or ‘‘not apparent’’ (0). The latter two
occurred, for instance, because of focusing issues or the rarity
of cells, and such wells were removed, leaving 656 genes with
972 corresponding siRNAs. Because we were concerned that
some phenotypes may be due to off-target effects of the
siRNAs, we restricted further analysis to those genes for which
two or more independent siRNAs gave a manually annotated
‘‘strong’’ or ‘‘medium’’ underduplication or overamplification
phenotype. As shown in Figure 3Av and Table S2, this corre-
sponded to 70 underduplication and 143 overamplification
candidate genes.opmental Cell 25, 555–571, June 24, 2013 ª2013 Elsevier Inc. 557
Figure 2. Developing the Screening Pipeline
(A) Schematic representation of screen workflow: gene-specific siRNAs are transferred from the library 384-well format into 96-well plates containing the
transfection mixture. Negative and positive control siRNAs are added, followed by cells. Plates are incubated for 3 days, fixed, stained with a DNA dye, and
imaged, acquiring a single optical section in the DNA channel and a z stack of nine optical sections in the GFP channel.
(legend continued on next page)
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the compendium of genes needed for centriole biogenesis. To
our knowledge, seven genes are predicted from the literature to
be detectable under our screening conditions (i.e., >10% of cells
with less than two centrioles; Table S1A), whereas the depletion
of other components has amoremodest impact in cycling cells or
affects solely cells arrested in S phase (Table S1A). Importantly,
the list of 70 candidate underduplication genes contains five of
the seven aforementioned genes, including Plk4, HsSAS-6, and
STIL, suggesting that the false-negative rate is in the order of
30%.We explored why the remaining two genes were not identi-
fied. For CEP152, no phenotype was detected with any of the
tested siRNAs, perhaps because theywere not yet effective after
72 hr. Accordingly, previous work indicates a significant (>10%)
accumulation of cells with less than two centrin foci only 96 hr af-
ter CEP152 siRNA treatment (Hatch et al., 2010). The case of
CPAP is unusual because a single siRNA species was present
in thecollection,which led to thegenenotbeing retainedbyeither
scoring function despite a clear underduplication phenotype.Our
screen also identified Centrobin, a centriolar component whose
depletion was reported to yield a more modest underduplication
phenotype in cycling cells (8% of cells with less than two cen-
trioles; Zou et al., 2005), suggesting that the siRNAs used here
lead to more substantial Centrobin depletion. The list of 143
candidate overamplification genes does not contain the three
that would have been expected based on prior knowledge to
be detected under our screening conditions (i.e., >10% of cells
with more than four centrioles; Table S1B). No phenotype was
detected uponmanual inspection either, perhaps again because
depletion of these particular genes was not sufficiently effective.
Overall, we conclude that our screen identified a substantial
fraction of genes known to be critical for centriole formation in
human cells, supporting the notion that many of the other candi-
dates are bona fide regulators of centriole biogenesis.
Seventy-Six Genes Regulating Centriole Biogenesis in
Human Cells
Excluding the five previously identified genes required for robust
centriole formation, as well as Centrobin, we subjected the re-(B–D) Illustration of automated cell segmentation: outlines of detected nuclear (B)
each cell and fed into the Cell Database. Scale bars: 10 mm.
(E–I) Principle of the centrosome counting algorithm. Signals corresponding to bo
black or white arrow. Scale bars: 1 mm. (E) Maximum intensity projection of GFP-C
centrosomal signal (F).
(G) Local maxima identified on filtered GFP-Centrin image shown as regions fille
(H) Distribution ofmaximum intensities of local maxima shown in (G). The threshold
Maxima with intensity above this threshold are counted as centrosomes.
(I) Numerical features extracted for each centrosome and fed into the Centrosom
(J) Distribution of centrosomes detected in the nine focal planes, analyzing a ran
(K) Centrosome numbers determined manually in 450 randomly selected cells an
relation between the two analyses for cells scored manually as having less than tw
indicated. Note that only 69% of cells manually determined as having two GFP fo
scoring not always discriminating closely located foci or to background foci bein
(L and M) Schematic representation of the transition to the Well Database, which
(N) Two replicates of 1,400 siRNAs analyzed using the automatic counting pip
licates is plotted. Pearson’s correlation coefficient (r): 0.79.
(O) Cells transfected with control siRNAs or siRNAs targeting Plk4, CPAP or HsSA
during thewhole-genome screen. For each well, the percentage of cells with two c
depicted by black lines and gray boxes.
(P) Distribution of Z0 scores for plates in the entire screen. Negative and positive
Develmaining 207 candidates identified in the automatic step 1 to two
further rounds of screening, dubbed steps 2 and 3 (Figure 3B).
In step 2, we selected the most potent siRNA for each candi-
date and tested it on a HeLa cell line (HeLa Kyoto) not expressing
any transgene, using a 1003 objective to accurately score
mitotic cells stained with antibodies against a-tubulin to monitor
spindle assembly and Centrin 2 to determine centriole number
(Figures 3C and 3D). We considered as bona fide candidates
those genes whose depletion led to the average number of cen-
trioles being >3 SDs away from the control average. Fifty-five of
the 64 underduplication candidates met these criteria, demon-
strating that the observed phenotype is not restricted to GFP-
Centrin HeLa cells and is not simply due to a block in cell-cycle
progression. By contrast, only 64 of the 143 overamplification
candidates met these criteria. This is partly because 34 could
not be analyzed because mitotic cells were absent or extremely
rare. Fluorescence-activated cell sorting (FACS) analysis estab-
lished an accumulation of cells in G2 in many of these cases
(data not shown). Because this is a phase of the cell cycle in
which small noncentriolar centrin foci are present (data not
shown) and in which centriole reduplication can occur (Loncarek
et al., 2010), this likely explains why such candidates were iden-
tified in the initial automated assay.
In step 3, we ordered three siRNAs from a different vendor, tar-
geting distinct sequences from the original ones and harboring
chemical modifications aimed at minimizing off-target effects.
Cells treated with these siRNAs were fixed and stained as above
and manually inspected to identify the siRNA among the three
with the most potent phenotype. Centriole number was then
determined in mitotic cells as above. Using the same cutoff as
in step 2, we found that 38/55 underduplication and 32/64
overamplification candidates were confirmed (Figures 3E and
3F; Table S2). Candidates left out at this stage could either corre-
spond to an off-target effect of the initial siRNAs tested in steps 1
and 2 or be due to inefficient siRNA-mediated depletion in step 3.
Although further analysis of the candidates rejected at this stage
could establish that they are also bona fide regulators of centriole
biogenesis, we opted for a conservative approach to define the
final list of genes.and cytoplasmic (C) regions are shown. (D) Numerical features are extracted for
na fide centrosomal foci are indicated by red arrows, a background focus by a
entrin signal, and the same convolved with a 3Dmatrix having the shape of the
d by gray value according to their maximum intensities.
(mean ±9 SD) is calculated separately for each cell and shown by a vertical line.
e Database.
dom sample of 100,000 centrosomes from the whole genome screen.
d compared to the results of the automated analysis. The percentage of cor-
o, two, or more than two foci is shown. The number of cells in each category is
ci were detected as such by the algorithm; this appears due to the automatic
g mistaken for bona fide centrosomal foci.
contains averaged data for each well.
eline. The percentage correlation of cells with two centrosomes between rep-
S-6, incubated for 72 hr, fixed, imaged, and scored using the same protocol as
entrosomes is plotted. For the negative control and Plk4, the average ± 3 SDs is
controls on each plate were used for Z0 calculation.
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Figure 3. Flow Chart of Genome-wide Screen and Further Systematic Manual Analysis of Candidate Genes
(A) Flow chart of genome-wide screen. (i) 76,747 distinct siRNAs were transfected into HeLa cells expressing GFP-Centrin and analyzed as described in Figure 2.
A program was run to detect wells entirely out of focus (609 wells; 0.8% of total) and exclude them from further analysis. (ii) The percentage of cells with less than
two or more than two GFP-Centrin foci was used to automatically score the remaining 76,138 siRNA conditions. (iii) The redundancy siRNA activity (RSA) and the
average of the two best scoring siRNAs (Top2) were used in parallel to rank the 19,593 genes corresponding to the 76,138 siRNA conditions, for both less than two
GFP foci and more than two GFP foci classes. (iv) All images from all siRNA conditions (3,691 siRNAs) corresponding to the 832 genes (250 top-ranked genes
from the four partially overlapping lists, RSA < 2, Top2 < 2, RSA > 2, Top2 > 2, plus extra 162 genes previously analyzed) were inspected manually. Those siRNAs
in which images were slightly out of focus (194), GFP levels very high (137) or in which excess Centrin foci correlated with the presence of multinucleated cells
(173) were not considered further. (v) Genes with at least two siRNAs exhibiting a strong or medium phenotype, i.e., 70 underduplication candidates and 143
overamplification candidates, were retained for further validation. (vi) Two further rounds of manual analysis (see B–F) led to the final list of genes required for
centriole formation (44 genes, underduplication phenotype) or restricting centriole number (32 genes, overamplification phenotype).
(B) Summary of parameters for the three steps of analysis. HsSAS6, PLK4, CEP120, CDC2L1/CDK11B, Centrobin, and STIL were identified in the automatic step
1, and even though they are included for clarity in the final numbers following steps 2 and 3, they were not systematically tested manually because they were
known previously to be required for centriole formation (see Table S1).
(C–F) Outcome of steps 2 (C and D) and 3 (E and F). Note that the spread of the genes on the x axis differs between these panels; scale bar represent the width
corresponding to ten genes. The percentage of mitotic cells with less than three centrin foci for underduplication (C and E) and more than four centrin foci for
overamplification (D and F) are shown. Overamplification candidates not analyzed because of the lack of mitotic cells are not shown. Black bars show the average
control values and green dashed line the applied threshold (average control value + 3 SD).
See also Table S2.
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phenotype was observed with at least three distinct siRNAs,
making it unlikely that it reflects an off-target effect. Adding
the six genes previously known to be needed for centriole
formation, we thus obtained a list of 44 genes whose depletion
results in centrosome underduplication (Table 1) and of 32560 Developmental Cell 25, 555–571, June 24, 2013 ª2013 Elsevier Igenes whose depletion results in centrosome overamplification
(Table 2).
A Set of Genes Regulating Centriole Biogenesis
Our screen based on scoring the distal centriolar protein GFP-
Centrin uncovered 76 genes regulating centriole biogenesis.nc.
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genes also impairs the localization of the proximal centriolar pro-
tein HsSAS-6 (Strnad et al., 2007). We analyzed siRNA-treated
cells in early mitosis corresponding to all the identified genes in
the underduplication class and to the top 14 genes in the over-
amplification class. We found that HsSAS-6 is present upon
depletion of each and every gene in the underduplication class
(38 genes tested, excluding HsSAS-6, STIL, CEP120, Centrobin,
and CDC2L1/CDK11B), indicating that early steps of procen-
triole assembly are not affected (data not shown). On the other
hand, 7/14 genes tested in the overamplification class also
exhibit a significant increase in the percentage of cells with
more than two HsSAS-6 foci, suggesting that they correspond
to bona fide centrioles (Table 2).
We also assessed if the depletion of the candidate genes leads
to spindle organization defects as monitored by a-tubulin immu-
nostainings. As anticipated, we found an increase in monopolar
spindles after the depletion of some of the genes in the underdu-
plication class, as well as an increase in multipolar spindles after
the depletion of some of the genes in the overamplification class
(Tables 1 and 2). Therefore, impairment of the function ofmany of
the genes identified in this screen is expected to result in defec-
tive cell division.
For the vast majority of the 70 genes implicated in this work,
our findings represent, to our knowledge, the first link with
centriole biology. Two exceptions are the centrin interacting pro-
tein SFI1, whose budding yeast homolog is essential for spindle-
pole-body duplication (Kilmartin, 2003), and C2CD3, which has
been identified in a proteomic analysis of the human centrosome
(Jakobsen et al., 2011).
We analyzed these 70 genes based on the available literature
and on the domain composition of the corresponding proteins.
Strikingly, this led to the realization that 14/38 of the implicated
genes required for centriole biogenesis play a role in mRNA
splicing, suggesting an unsuspected link with centriole biology
(Table 1, SF; see Discussion). Similarly, we found that 5/32 of
the genes needed to restrict centriole number play a role in pro-
tein degradation (Table 2, PD; see Discussion). Further consider-
ations regarding how some of these 70 genes may regulate
centriole biogenesis are found in the Discussion.
In addition, to illustrate how the outcome of this screen can
serve as a stepping stone for further investigations into centriole
biology, we characterized two genes inmore depth. We selected
C2CD3, a gene from the underduplication class, as well as
TRIM37, a gene from the overamplification group, which both
exhibited strong phenotypes.
C2CD3 Is Required for Distal End Centriole Formation
and Primary Cilium Assembly
C2CD3 is a vertebrate-specific C2 domain protein required for
Hedgehog signaling and ciliogenesis in the mouse (Hoover
et al., 2008). However, C2CD3 has not been reported to play a
role in centriole biogenesis prior to this screen, and its precise
subcellular distribution was not known.
We first confirmed by western blot analysis that the C2CD3
signal is severely diminished upon siRNAs treatment (Fig-
ure S1A), demonstrating effective depletion. Second, we verified
that the phenotype observed with siRNAs targeting C2CD3 is an
on-target effect. We generated a U2OS cell line stably express-Develing an siRNA-resistant version of C2CD3 driven by a doxycy-
cline-inducible promoter. As shown in Figure S1B, we found
that expression of this siRNA-resistant version rescues the
underduplication phenotype, demonstrating that it was due to
C2CD3 depletion.
We then addressed at which step in the centriole assembly
pathway C2CD3 acts by examining the distribution of known
centriolar proteins upon its depletion. We found that C2CD3 is
required not only for the presence of Centrin 2 at centrioles
(HeLa, Figures 4A–4C; U2OS, Figure S1B; RPE-1, Figure S1C),
but also for that of the Centrin-interacting protein hPOC5 (Fig-
ures 4D–4F) (Azimzadeh et al., 2009). The impact of C2CD3 on
centriole biogenesis seems to be independent of Centrin protein
levels, because overall levels of Centrin 2 (Figure S1D) and
Centrin 3 (Figure S1E) are not altered upon C2CD3 depletion,
indicating that the impact of C2CD3 on Centrin is restricted to
centrioles. In addition, the distribution of HsSAS-6, which marks
the proximal part of the procentriole, is not markedly altered
upon C2CD3 depletion (Figures 4G–4I). Compatible with the
proximal part being present and able to recruit PCM, a bipolar
spindle invariably assembles in cells depleted of C2CD3 (Fig-
ures 4J–4L).
We then set out to determine the precise subcellular distribu-
tion of C2CD3. We found that C2CD3 localizes to centrioles and
procentrioles, both in interphase and mitosis (Figures 4M and
4N). Triple-labeling experiments with C-Nap1, which marks the
very proximal end of the centriole, as well as GFP-Centrin,
demonstrate that C2CD3 colocalizes with Centrin in the procen-
triole and is present slightly distal from it in the centriole (Fig-
ure 4N). Moreover, we found that C2CD3 localizes to both
mother (basal body) and daughter centriole in RPE-1-ciliated
cells (Figures 4O and S1F). Overall, we conclude that C2CD3 is
a protein located in the distal part of procentriole and centriole,
which is required for complete centriole biogenesis.
Next, we investigated whether C2CD3 is required for ciliogen-
esis in human cells. We found that whereas 68% of serum-
starved RPE-1 cells treated with control siRNAs harbor cilia,
this is the case of only 38% such cells treated with siRNAs
against C2CD3. Strikingly, staining with C2CD3 antibodies
revealed that the protein is invariably absent from the basal
body of those cells lacking a primary cilium, and present only
on the mother centriole of the small fraction of cells harboring
a primary cilium despite C2CD3 depletion (Figures 4P and 4Q).
We conclude that C2CD3, in addition to being required for full
centriole biogenesis, is also required, most likely within the basal
body, for primary cilium formation in human cells.
TRIM37 Prevents Centriole Reduplication
TRIM37 is an E3 ubiquitin ligase of the TRIpartite Motif protein
family (TRIM) that comprises a RING finger, a B-box motif, and
a coiled-coil domain (Kallija¨rvi et al., 2005). Mutations in the
TRIM37 gene cause Mulibrey nanism, a disease with dramatic
growth impairment in several organs and whose underlying
cellular etiology is poorly understood (Avela et al., 2000).
We set out to further characterize the mechanisms by which
TRIM37 regulates centriole number. As shown in Figures 5A–
5F, we found that TRIM37 depletion results in the presence not
only of supernumerary Centrin foci, but also of HsSAS-6 foci,
indicating that the proximal part of centrioles is also present inopmental Cell 25, 555–571, June 24, 2013 ª2013 Elsevier Inc. 561
Table 1. Underduplication Candidates
Gene Name Asi1 Asi2 Asi3 Asi4 Step <3 3,4 >4 Mo Bi Mul
Control 24 17 20 19 2 2 94 4 0 98 2
3 6 85 9 2 96 2
CDC2L1 (Cyclin-dependent kinase 11B) 53.9 50.3 49.4 49 2 70 27 3 N/A N/A N/A
3 N/A N/A N/A N/A N/A N/A
HNRNPA1 (Heterogeneous nuclear ribonucleoprotein A1)(SF) 83.3 82.5 82.2 79.6 2 92 8 0 36 62 2
3 22 69 9 7 89 4
HsSAS-6a,b (Spindle assembly 6 homolog) 89.6 88 76.9 62.2 2 N/A N/A N/A N/A N/A N/A
3 N/A N/A N/A N/A N/A N/A
PLK4a,b (Polo-like kinase 4) 77.2 76.4 76 55.6 2 N/A N/A N/A N/A N/A N/A
3 N/A N/A N/A N/A N/A N/A
CEP120a (Centrosomal protein 120 kDa) 63.1 53.7 52.9 52.7 2 94 6 0 N/A N/A N/A
3 N/A N/A N/A N/A N/A N/A
PRPF8b (Pre-mRNA processing factor 8 homolog)(SF) 80 80 63.9 45.3 2 89 11 0 0 0 0
3 96 4 0 0 100 0
C2CD3a (C2 Ca-dependent domain containing 3) 79.9 73 57.3 N/A 2 98 2 0 N/A N/A N/A
3 41 46 13 2 98 0
PRPF38A (Pre-mRNA processing factor 38 homolog)(SF) 89.8 88 46.7 30.4 2 74 24 2 3 91 6
3 86 12 2 0 94 6
SNW1b (SNW domain containing 1)(SF) 90.9 56.7 55.8 36.8 2 87 13 0 0 82 18
3 84 12 4 34 64 2
U2AF1 (U2 small nuclear RNA auxiliary factor 1)(SF) 59.2 55.3 54.3 36.8 2 77 23 0 9 87 4
3 63 31 6 12 76 12
SNRPD2 (Small nuclear ribonucleoprotein D2)(SF) 74 62.3 55.7 43 2 94 6 0 14 86 0
3 89 9 2 16 67 17
NUF2b (NDC80 kinetochore component homolog)(SF) 61.2 48.2 44.2 40.3 2 70 26 4 N/A N/A N/A
3 75 23 2 4 83 13
VCP (Valosin-containing protein) 62.2 55.4 50.5 16 2 20 70 10 12 84 4
3 50 48 2 4 88 8
SONb (DNA binding protein)(SF) 83.3 49.5 45.4 38.3 2 85 15 0 10 90 0
3 88 12 0 0 100 0
SNRNP200 (Small nuclear ribonucleoprotein 200 kDa)(SF) 62.8 55.8 49.6 31.3 2 65 27 8 2 93 5
3 78 22 0 9 68 23
SFRS1b (Serine/arginine-rich splicing factor 1)(SF) 47.6 40.2 39.1 38.2 2 83 17 0 N/A N/A N/A
3 54 44 2 0 93 7
RPLP1 (Ribosomal protein, large, P1) 60 51.4 42.3 36.3 2 45 43 12 4 86 10
3 72 28 0 8 90 2
NPIPL3 (Nuclear pore complex interacting protein) 66.7 59.7 44.9 42.9 2 83 11 6 9 75 16
3 40 54 6 0 96 4
GOLGA6L1 (Golgin A6 family-like 1) 76 66.7 48.4 46.9 2 44 48 8 3 96 1
3 40 58 2 13 76 11
ILVBL (ilvB (bacterial acetolactate synthase)-like) 45.9 43 41.3 36.7 2 45 51 4 23 73 4
3 28 60 12 4 94 2
LOC340074 (Uncharacterized) 86.2 64.4 46.9 14.1 2 52 48 0 3 95 2
3 50 50 0 12 86 2
CNTROB (Centrosomal BRCA2 interacting protein) 69.1 65.9 30.2 17.1 2 N/A N/A N/A N/A N/A N/A
3 N/A N/A N/A N/A N/A N/A
C8orf84 (Somatomedin B and thrombospondin) 67.9 51.4 45.7 30.6 2 71 29 0 18 79 3
3 22 65 13 0 72 28
(Continued on next page)
Developmental Cell
Functional Genomics of Centriole Formation
562 Developmental Cell 25, 555–571, June 24, 2013 ª2013 Elsevier Inc.
Table 1. Continued
Gene Name Asi1 Asi2 Asi3 Asi4 Step <3 3,4 >4 Mo Bi Mul
FLAD1 (Flavin adenine dinucleotide synthetase homolog) 42.1 39.5 35.6 35.1 2 43 52 5 14 76 10
3 60 37 3 0 95 5
SF3A3 (Splicing factor 3a, subunit 3, 60 kDa)(SF) 51.7 39.2 36.7 35 2 85 13 2 53 44 3
3 64 32 4 2 92 6
VWC2L (Willebrand factor C domain containing) 43.7 41.4 40 2 27 63 10 18 82 0
3 42 54 4 0 92 8
ATP5G1 (ATP synthase, H+ transporting) 61.4 60.4 27.5 21.2 2 81 17 2 44 56 0
3 36 58 6 0 96 4
C9orf167 (Torsin family 4, member A) 64.6 45.5 43.7 26.8 2 83 15 2 21 74 5
3 21 72 7 7 93 0
PCDHGB4 (Protocadherin gamma subfamily B, 4) 39.9 36.6 35.4 34.5 2 47 51 2 N/A N/A N/A
3 68 32 0 0 96 4
RIMBP3 (RIMS binding protein 3) 74.1 59.7 32.7 7.4 2 32 64 4 11 85 4
3 20 78 2 0 100 0
NR4A2b (Nuclear receptor subfamily 4) 81.5 44.1 43.1 22.2 2 92 8 0 30 70 0
3 39 47 14 4 82 14
STILa (SCL/TAL1 interrupting locus) 57.1 53.8 38.5 2 78 22 0 8 90 2
3 N/A N/A N/A N/A N/A N/A
C1orf87 (Chromosome 1 open reading frame 87) 59.4 57.5 40.3 16.5 2 52 46 2 59 39 2
3 56 42 2 11 85 4
LOC100287343 (Withdrawn) 67.2 56.3 41.9 18.3 2 59 39 2 8 88 4
3 73 21 6 4 83 13
SART1b (Squamous cell carcinoma antigen)(SF) 62.1 57.1 26.8 22.5 2 90 10 0 22 77 1
3 90 4 6 12 82 6
MGC23284 (Uncharacterized) 56.5 48.6 41.5 30.7 2 57 37 6 10 74 16
3 24 63 13 4 79 17
SLU7b (Splicing factor homolog)(SF) 45.2 42.4 40.6 13.6 2 84 14 2 34 63 3
3 54 44 2 2 96 2
PNN (Pinin, desmosome associated protein)(SF) 34.2 34 33.7 32.5 2 60 38 2 10 80 10
3 32 57 11 0 90 10
LILRA5 (Leukocyte immunoglobulin-like receptor) 56 54.1 32.1 19.5 2 56 38 6 2 89 9
3 36 56 8 45 53 2
C2orf60 (tRNA-yW synthesizing protein 5) 61.9 51.7 24.9 22.1 2 77 19 4 16 80 4
3 80 20 0 5 90 5
LOH12CR1 (Protocadherin gamma subfamily B, 1) 65 51.6 29 13.5 2 76 22 2 7 82 11
3 25 71 4 4 94 2
SFI1a (Homolog, spindle assembly associated) 63.7 43.5 37.2 18.8 2 40 51 9 0 96 4
3 60 40 0 0 100 0
SNRPFb (Small nuclear ribonucleoprotein polypeptide F)(SF) 58.6 46.3 36.8 29.8 2 42 54 4 0 98 2
3 82 16 2 42 45 13
LAG3 (Lymphocyte-activation gene 3) 60.3 44.5 19.7 16.9 2 54 44 2 4 96 0
3 56 38 6 0 80 20
Asi1-4, percentage of cells with less than two GFP-centrin foci in step 1 automated screen. Step, QIAGEN siRNA (2) or Life Technologies siRNA (3)
tested manually in the further analysis of candidates. <3/3, 4/>4, percentage of mitotic cells with <3, 3, 4, or >4 centrin foci. Mo/Bi/Mul, percentage
of mitotic cells with monopolar, bipolar, or multipolar spindles. At least 50 cells were analyzed per condition. Note that in some cases distinct siRNAs
targeting the same gene have a similar impact on Centrin number yet appear to have different consequences on spindle organization. SF, genes re-
ported to be splicing factors; N/A, not analyzed. The gene LOC100287343 was withdrawn from the human genome annotation during the execution of
this screen.
aGenes identified in a proteomic analysis of the centrosome.
bGenes identified in previous cell division RNAi-based screens.
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Table 2. Overamplification Candidates
Gene Name Asi1 Asi2 Asi3 Asi4 step <3 3,4 >4 Mo Bi Mul
Control 7 7 11 17 2 2 94 4 0 98 2
3 6 85 9 2 96 2
HBMa (Hemoglobin, mu) 43.2 41.4 40.9 2 0 73 27 0 89 11
3 2 66 32 0 90 10
RASAL3 (RAS protein activator like 3) 48.5 44.8 35.8 8 2 5 70 25 2 95 3
3 6 73 21 10 82 8
PSMC4b (PD) (Proteasome 26S subunit, ATPase, 4) 52.5 47.8 35 13.8 2 1 22 77 0 99 1
3 6 21 73 2 86 12
INO80C (INO80 complex subunit C) 57.7 44.3 34.9 5.1 2 10 57 33 0 93 7
3 8 68 24 2 86 12
PCDH11X (Protocadherin 11 X-linked) 43.6 30.4 28.8 26.6 2 2 56 42 0 98 2
3 2 74 24 4 92 4
TNRC4b (CUGBP, Elav-like family member 3) 30.6 29.1 29 2 28 48 24 4 92 4
3 11 59 30 0 96 4
SLC11A2 (Solute carrier family 11) 60.3 51.4 20.8 6.5 2 6 70 24 9 84 7
3 38 26 36 8 90 2
LOC390937 (Ets2 repressor factor-like) 50 49.2 23.7 10.6 2 13 58 29 5 74 21
3 42 32 26 12 84 4
PPHLN1 (Periphilin 1) 51.6 25.4 18.6 18.6 2 12 62 26 0 95 5
3 4 74 22 12 82 6
TXNDC11b (Thioredoxin domain containing 11) 59.7 46.5 4.7 0 2 2 78 20 4 88 8
3 0 71 29 0 92 8
TRIM37a (PD) (Tripartite motif containing 37) 48.3 44.2 29.2 9.8 2 0 38 62 4 92 4
3 0 35 65 7 86 7
F7 (COAGULATION factor VII) 34.6 28.7 23 18.2 2 4 50 46 6 84 10
3 2 70 28 8 86 6
EFCAB4A (EF-hand calcium binding domain 4A) 40.1 38.3 28.1 2.5 2 3 70 27 0 91 9
3 2 77 21 2 94 4
SFMBT1 (Scm-like with four mbt domains 1) 64.7 43.2 7.7 7.7 2 2 50 48 2 96 2
3 12 68 20 16 78 6
CASKIN1b (CASK-interacting protein 1) 57.8 42.9 17.5 9 2 2 44 54 0 100 0
3 4 68 28 8 88 4
RNFT2 (Ring finger protein, transmembrane 2) 40 39.1 10.9 2 1 30 69 0 85 15
3 23 51 26 14 72 14
SHISA8 (Shisa homolog 8) 42.1 28.5 26 5.2 2 2 73 25 2 87 11
3 14 65 21 0 85 15
SPANXN3 (SPANX family, member N3) 40.3 37.2 25.6 4 2 17 56 27 0 66 34
3 4 71 25 2 82 16
EEPD1 (Endonuclease/exonuclease/phosphatase family
domain containing 1)
46.5 40.5 7.8 5.1 2 3 54 43 0 92 8
3 6 70 24 0 94 6
PSMB3a (PD) (Proteasome subunit, beta type, 3) 48.1 40 17.2 13.8 2 0 14 86 0 100 0
3 0 41 59 2 80 18
AP2A1 (Adaptor-related protein complex 2, alpha 1 subunit) 51.8 35.1 6.6 2 15 46 39 8 88 4
3 22 50 28 2 92 6
ZCCHC5a (Zinc finger, CCHC domain containing 5) 48.4 37.9 8 6.8 2 2 60 38 0 92 8
3 2 48 50 0 62 38
ZNF329b (Zinc finger protein 329) 49.5 36.3 13.5 5.9 2 4 37 59 4 94 2
3 8 56 36 0 92 8
(Continued on next page)
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Table 2. Continued
Gene Name Asi1 Asi2 Asi3 Asi4 step <3 3,4 >4 Mo Bi Mul
ZRANB3 (Zinc finger, RAN-binding domain 3) 63.4 18.6 18.3 13.9 2 3 57 40 2 83 15
3 4 68 28 6 92 2
NRBP1 (Nuclear receptor binding protein 1) 62.9 32.7 14.8 10.2 2 2 37 61 2 96 2
3 10 68 22 10 81 9
GPI (Glucose-6-phosphate isomerase) 59.2 25.8 20 2.8 2 6 39 55 4 86 10
3 10 67 23 4 88 8
ERI3b (ERI1 exoribonuclease family member 3) 48.4 32.7 11.1 4.3 2 8 54 38 17 79 4
3 0 42 58 0 100 0
TMEM177a (Transmembrane protein 177) 57.2 32.1 5.2 3.6 2 0 64 36 2 88 10
3 0 64 36 10 90 0
SLC39A12 (Solute carrier family 39 member 12) 39.6 30 9.1 5.6 2 6 73 21 2 94 4
3 4 76 20 0 98 2
ARMCX2a (Armadillo repeat containing, X-linked 2) 38 28.8 15 3.8 2 24 53 23 3 80 17
3 2 66 32 0 92 8
PSMD8a (PD) (Proteasome 26S subunit, non-ATPase, 8) 22.6 17.4 11.6 10 2 11 50 39 80 17 3
3 0 60 40 0 98 2
PSMC6b (PD) (Proteasome 26S subunit, ATPase, 6) 22.4 16.2 14 8.3 2 10 46 44 0 100 0
3 4 38 58 4 94 2
Asi1-4, percentage of cells with more than two GFP-centrin foci in step 1 automated screen. step, QIAGEN siRNA (2) or Life Technologies siRNA (3)
tested manually in the further analysis of candidates. <3/3, 4/>4, percentage of mitotic cells with <3, 3, 4, or >4 centrin foci. Mo/Bi/Mul, percentage of
mitotic cells with monopolar, bipolar, or multipolar spindles. At least 50 cells were analyzed per condition. Note that in some cases distinct siRNAs
targeting the same gene have a similar impact on Centrin number yet appear to have different consequences on spindle organization. N/A, not
analyzed. PD, genes related with protein degradation.
aGenes tested for HsSAS-6 that do (>20% of cells with more than two HsSAS-6 foci) show a HsSAS-6 overamplification phenotype.
bGenes tested for HsSAS-6 that do not show a HsSAS-6 overamplification phenotype.
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mitosis, multipolar figures are also observed (Figures 5G–5I).
The frequency of such multipolar figures increases upon latrun-
culin A treatment (Figure S2A), which is known to counteract
clustering (Kwon et al., 2008), further attesting to the fact that
these supernumerary centrioles act as bona fide microtubule
organizing centers (MTOCs). Importantly, we also observed
many anaphase bridges, even in those TRIM37-depleted cells
that assemble a bipolar spindle, resulting in chromosome segre-
gation errors (Figures 5J–5L). We conclude that TRIM37 is
important for genome stability.
In analyzing the subcellular distribution of TRIM37, which is
associated with peroxisomes in some cell types (Kallija¨rvi
et al., 2002), we found that endogenous TRIM37 (Figure S2B)
and TRIM37-GFP (Figure S2C) exhibit a punctate distribution in
the cytoplasm, with no clear enrichment at centrosomes, sug-
gesting that TRIM37 acts elsewhere to regulate centriole num-
ber. Moreover, we established by western blot analysis that
endogenous TRIM37 is severely diminished upon siRNAs treat-
ment (Figure S2D) and that the resulting phenotype is indeed
due to TRIM37 knockdown, because an RNAi-resistant version
of the gene provides rescue (Figure 5M). By contrast, expression
of an RNAi-resistant version of a mutant (TRIM37-SS) that ex-
hibits compromised E3 ubiquitin ligase activity in vitro (Kallija¨rvi
et al., 2005) cannot rescue the phenotype provoked by depleting
endogenous TRIM37 (Figure 5M). Therefore, TRIM37 ubiquitin
ligase activity is required to restrict centriole number.DevelWe set out to investigate the root of centriole accumulation
upon TRIM37 depletion. We first considered whether this results
from failed cytokinesis or a block in cell-cycle progression in a
phase particularly permissive for centriole formation. However,
FACS analysis established that TRIM37 depletion does not
cause the appearance of polyploidy cells nor does it affect
cell-cycle progression (Figure S2E), ruling out cytokinesis failure
and cell-cycle arrest as possible underlying causes. Next, given
that ubiquitin ligase activity of TRIM37 is needed for restricting
centriole number, we considered whether TRIM37 inactivation
might result in increased levels of Plk4, STIL, or HsSAS-6, whose
overexpression is known to lead to supernumerary centrioles
(Habedanck et al., 2005; Strnad et al., 2007; Tang et al., 2011).
However, western blot analysis established that the levels of
these three proteins are not altered upon TRIM37 depletion (Fig-
ure S2F). Moreover, whereas overexpression of Plk4, STIL, or
HsSAS-6 results in multiple procentrioles being arranged in ro-
settes around parental centrioles (Habedanck et al., 2005;
Strnad et al., 2007; Tang et al., 2011), this is not the case upon
TRIM37 depletion (see Figure 5N).
We thus considered another possible mechanism that can
generate supernumerary centrioles: centriole reduplication. In
this case, premature disengagement of procentrioles from their
parental centrioles, in a manner that depends on the Polo-like-
kinase Plk1, is followed by the generation of new procentrioles
next to these disengaged units; this results in cells harboring
supernumerary centriole/procentriole pairs, as well as individualopmental Cell 25, 555–571, June 24, 2013 ª2013 Elsevier Inc. 565
Figure 4. C2CD3 Is a Distal Centriolar Component Required for Full Centriole Assembly and Ciliogenesis
(A–L) Mitotic HeLa cells transfected with control or C2CD3 siRNAs and analyzed 72 hr thereafter in mitosis by immunofluorescence with the indicated antibodies
(Centrin 2, hPOC5, HsSAS-6, a-tubulin). Representative images are shown and corresponding quantification given below the images. In these and other panels,
DNA is shown in blue and insets are magnified 5.5-fold. Note slight increase of cells with supernumerary HsSAS-6 foci upon C2CD3 depletion (see I), for
reasons that remain to be determined. Scale bar: 5 mm. For all graphs in this and the next figure, averages of at the minimum two independent experiments are
shown (n = 50 cells each), along with SDs.
(M) Mitotic HeLa cell stained with antibodies against Centrin 2 (green) and C2CD3 (red). Scale bar: 5 mm.
(N) HeLa cell expressing GFP-Centrin stained with antibodies against GFP (green), C-Nap1 (blue) and C2CD3 (red). The orientation of the centriole (large
rectangle) and procentriole (small rectangle) are indicated. Scale bar: 500 nm.
(O and P) Representative images of basal body and cilia in RPE-1 cells transfected with control siRNAs or siRNAs targeting C2CD3, serum-starved and then
analyzed by immunofluorescence for g-tubulin and acetylated-tubulin (both in red) and C2CD3 (green). Scale bar: 5 mm.
(Q) Correlation between cilium formation and C2CD3 at basal body in control and C2CD3-depleted RPE-1 cells.
See also Figure S1.
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tively, we found that supernumerary centrioles upon TRIM37
depletion are indeed organized in this manner (Figure 5N).
Reduplication of centrioles can occur in HeLa cells held in G2
(Loncarek et al., 2010), and we thus investigated whether su-
pernumerary centrioles can be generated during this phase of
the cell cycle upon TRIM37 depletion. Using synchronized
HeLa cell populations, we found that supernumerary centriole
numbers increases substantially as cells progress through G2
(Figure 5O), compatible with a reduplication scenario. Redupli-
cation of centrioles can also occur in U2OS cells held in S
phase (Loncarek et al., 2010), and we thus tested whether
excess TRIM37 could counteract reduplication events in such
conditions. As shown in Figure 5P, we found this to be the
case. By contrast, excess TRIM37 does not affect centriole
number in proliferating cells (Figure S2G). As a final test of
the centriole reduplication hypothesis, we addressed whether
excess centrioles depend on Plk1 activity. Importantly, we
found that the Plk1 inhibitor BI-2536 essentially abrogates the
presence of supernumerary centrioles upon TRIM37 depletion
(Figure 5Q).
Taken together, these experiments lead us to propose that
TRIM37 restricts centriole number by ubiquitinating and there-
by inhibiting one or several positive regulators of centriole
reduplication.
A Genome-wide Functional Resource for Centriole
Biology
Besides identifying genes regulating centriole biogenesis, our
genome-wide siRNA screen generated a wealth of information
well beyond this goal. To achieve the full potential of this data
set, we built a web-based resource to share the results in full
with the scientific community (http://centriolescreen.vital-it.
ch/). This online resource can be used in several ways to interro-
gate the screen (Figure 6). First, a gene of interest can be queried
and the associated images and numerical features inspected.
Furthermore, annotations are found for those experiments that
were manually scrutinized. Second, users can add their own
annotations, making the interface a dynamic tool that will be
enriched over time. Third, users can retrieve images and numer-
ical features for experiments of interest.
The entire data set can be downloaded and exploited
to identify other genes that regulate aspects of centriole
biology or other cellular processes. The criteria used in our
screen for selecting candidates (i.e., ranking with RSA/Top2
and at least two siRNAs exhibiting a clear phenotype) gener-
ated boundary conditions within which genes important for
centriole biogenesis could be retained. Alternatives ways of
ranking candidates would generate a partially distinct list of
genes of potential interest. Moreover, other parameters can
be extracted from the data set and utilized to search for
genes acting in distinct cellular processes. For instance, the
position of GFP-Centrin foci could be utilized to identify genes
governing centrosome position, whereas the nuclear area could
be utilized to identify those genes underlying nuclear size
control.
In conclusion, this resource is a powerful facilitating instru-
ment to identify components and features critical for centrosome
biology and other cell biological processes.DevelDISCUSSION
We designed and executed a genome-wide functional genomic
screen and thus identified 44 genes required for centriole forma-
tion and 32 genes needed to restrict their number. The vast
majority of these genes were previously not linked to centriole
biogenesis to our knowledge. Moreover, we built a web interface
to enable the scientific community to interrogate, annotate, and
download the images and numerical features from the screen,
thus generating a resource to investigate aspects of centrosome
biology.
Our screen complements other comprehensive initiatives that
shed light onto centriole biology in human cells. Thus, the prote-
omic analysis of the human centrosome and follow-up work with
select proteins provided an important starting point for investi-
gating centrosome biology (Andersen et al., 2003; Jakobsen
et al., 2011). However, proteins that localize only transiently to
centrosomes or whose activity is needed elsewhere in the cell
are lacking from this set. Accordingly, only 7/76 of the genes
uncovered in our screen are part of the reported centrosome
proteome (see Tables 1 and 2). Moreover, previous unbiased
genome-wide RNAi-based approaches were not designed spe-
cifically to investigate centriole biology. In line with this fact, only
12/76 genes uncovered here were reported previously to exhibit
a cell division phenotype (see Tables 1 and 2), and in none of
these cases was it clear from previous analysis that centriole
biogenesis was affected.
A core of five protein families originally identified in C. elegans
is broadly required for centriole formation across evolution
(Carvalho-Santos et al., 2010; Hodges et al., 2010). Although
we identified three of five of these components (PLK4, HsSAS-6,
and STIL), none of the remaining genes identified here as
being required for centriole formation appears needed for the
earliest steps of procentriole assembly, because HsSAS-6
recruitment is unaffected in all cases. Although some candidates
are likely to have been missed, and although some components
may be needed early without affecting HsSAS-6 distribution,
these findings suggest that the early steps of procentriole
assembly are directed by only a handful of proteins also in
human cells.
Several of the geneswe identified here suggest interesting and
hitherto unsuspected connections between centriole biology
and given cellular and molecular processes. The group of 14
splicing factors required for centriole formation illustrates this
point. SON, a member of this group, is required for proper
splicing of a subset of mRNAs that code for proteins important
for cell division, including the centrosomal components pericen-
trin and g-tubulin (Ahn et al., 2011). By analogy, we speculate
that SON requirement in centriole biogenesis reflects the need
for correct splicing of an mRNA coding for an as-of-yet-uniden-
tified centriolar component. We note also that 7/14 of these
splicing factors have been identified in other screens as being
important for cell division (Kittler et al., 2004; Neumann et al.,
2010). Together with our findings, this raises the possibility
that, like SON, these components regulate the splicing of a sub-
set of genes required for centriole formation. Alternatively, some
of these components could be required independently of their
function in splicing. By analogy, for instance, SFRS1 plays a
role in miRNA regulation independently of its role in theopmental Cell 25, 555–571, June 24, 2013 ª2013 Elsevier Inc. 567
Figure 5. TRIM37 Prevents Centriole Reduplication, Spindle Multipolarity, and Chromosome Missegregation
(A–L) HeLa cells transfected with control siRNAs or siRNAs targeting TRIM37 and analyzed 72 hr thereafter in mitosis by immunofluorescence with the indicated
antibodies (Centrin 2, HsSAS-6, a-tubulin). Representative images are shown and corresponding quantification given below. In these and other panels, DNA is
shown in blue, insets are magnified 2.3-fold, and the scale bar is 5 mm. The arrow in (K) points to an anaphase chromosome bridge. Note that the fraction of cells
with a multipolar spindle upon TRIM37 depletion is higher in this experiment than in the large-scale analysis (see Table 2).
(M) Quantification of Centrin 2 foci in interphase HeLa cells subjected to control or TRIM37 siRNAs and transiently transfected 24 hr thereafter with plasmids
expressing a GFP-tagged siRNA-resistant version of TRIM37 (wild-type) or a GFP-tagged siRNA-resistant version of TRIM37-SS (amutant with compromised E3
ubiquitin ligase activity).
(N) Representative images of CP110 and HsSAS-6 staining in cells from the experiment shown in (O) (8 hr).
(O) HeLa cells subjected to control or TRIM37 siRNAs were synchronized with a double-thymidine block, released, and analyzed at the indicated time points
thereafter by immunofluorescence with CP110 antibodies. Lower panels show corresponding FACS profiles.
(legend continued on next page)
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Figure 6. Centriole Screen Web Resource
Schematic representation of the main tools available from the web resource
http://centriolescreen.vital-it.ch/, where users can inspect, annotate, and
download images and features for all 76,138 siRNA conditions from the
genome-wide screen.
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Functional Genomics of Centriole Formationsplicesome (Wu et al., 2010). A more speculative possibility is
that a subset of these components could function at centrioles.
Compatible with this notion, analysis of the centrosome prote-
ome indicates that some of the splicing factors identified in our
screen (PRPF8, U2AF1, and SNRPD2) exhibit a protein correla-
tion profile consistent with being bona fide centrosomal proteins,
although they were initially considered as contaminant proteins
(Andersen et al., 2003; Jakobsen et al., 2011).
Another group identified in our screen comprises components
of the proteasome, the depletion of which results in centriole
overamplification. This is in line with reports implicating regula-
tion of protein turnover as part of the mechanism restricting
centriole number (D’Angiolella et al., 2010; Freed et al., 1999;
Li et al., 2012; Puklowski et al., 2011). Moreover, we established
that the E3 ubiquitin ligase TRIM37 acts to prevent centriole
reduplication, and it will be interesting to identify the relevant(P) Quantification of Centrin 2 foci in U2OS cells arrested in S phase with HU for 7
inducible promoter. Doxycycline was added to the medium to induce transgene e
as U2OS cells with HU but not expressing TRIM37 are also shown.
(Q) HeLa cells subjected to control or TRIM37 siRNAs synchronized with a double
antibodies 10 hr thereafter in the presence of 0.1% DMSO or the PLK1 inhibitor
See also Figure S2.
Develsubstrate(s) through which this function is exerted. Furthermore,
our observations offer a promising starting point to further under-
stand the defects in Mulibrey nanism.
There are also cases where the available information on
individual components suggests plausible links with centriole
biology. This is the case of LAG-3, a gene that negatively modu-
lates T lymphocyte function (Goldberg and Drake, 2011). LAG-3
localizes to centrosomes in mouse T lymphocytes (Woo et al.,
2010) and interacts with CPAP in activated human T cells (Iouza-
len et al., 2001). It will be of interest to assess whether this inter-
action also takes place in nonlymphocytic cells and test the
impact of LAG-3 depletion on CPAP localization and function.
Another noteworthy example is a metabolic enzyme involved in
the synthesis of flavin adenine dinucleotide (FAD) coenzyme
(Brizio et al., 2006). This component was identified as part of
the flagellar apparatus-basal body (FABB) proteome (Li et al.,
2004), suggesting that some FAD-coenzyme-dependent pro-
teins play a role in centriole biogenesis.
In conclusion, our high-content functional genomic screen led
to the identification of a compendium of genes governing
centriole biogenesis in human cells. This opens the door to in-
vestigations expected to unravel links between centriole biology
and given cellular and molecular processes suggested by our
work. Furthermore, our dedicated web-based interface (http://
centriolescreen.vital-it.ch/) will enable the scientific community
to interrogate and enrich this resource to explore other facets
of centrosome biology.
EXPERIMENTAL PROCEDURES
Transfection, Fixation, Staining, and Imaging for Automated Screen
Transfections were performed in 96-well imaging plates (BD) using a Biomek
FX (Beckman Coulter) liquid handling robot. Cells were trypsinized, diluted
to 60,000 cells/ml in DMEM plus 10% FCS (Life Technologies), transferred
into the liquid handling robot, and kept in suspension by continuous
pipetting. New cells were prepared every 1.5 hr. AllStars Negative Controls
(1027281; QIAGEN) and Plk4-positive control siRNA (005036-02; Dharmacon
siGenome) were diluted to 1 mM in H2O, RNAi MAX (Life Technologies) 1:50 in
H2O. The transfectionmix was preparedwith 2 ml control siRNAs and 8 ml water
(control wells) or 2 ml of H2O and 8 ml of library siRNAs (sample wells, 200 nM
library siRNA stock), followed by 10 ml of diluted RNAi MAX and incubated for
20 min before adding 80 ml cell suspension (5,000 cells). Assay plates were
fixed after 72 hr (±3 hr) with 3.7% paraformaldehyde in PBS, washed, stained
with 1 mg/ml Hoechst 33258 (861405; Sigma-Aldrich), and mounted. Plates
were thermosealed (ABgene) and kept at 4C in the dark before imaging on
an automated microscope (BD Pathway 435, BD) using a 403 air objective,
NA 0.7 (Olympus).
Cell Culture, Transfections, Primary Cilium Induction, FACS
Analysis, and Drug Treatments
HeLa cell lines were grown in high-glucose DMEM (10566032; Life Technolo-
gies), RPE-1 cells in DMEM/F-12 (31331093; Life Technologies), and U2OS
cells in McCoys 5A (0975064EB; Life Technologies). All media were supple-
mented with GlutaMAX and 10% fetal calf serum (FCS Life Technologies).
For siRNA treatments, cells in 6-well plates were transfected with 5 ml of2 hr and expressing a GFP-tagged version of TRIM37 driven by a doxycycline-
xpression 24 hr before HU treatment. Untreated interphase U2OS cells as well
-thymidine block, released, and analyzed by immunofluorescence with CP110
BI-2536.
opmental Cell 25, 555–571, June 24, 2013 ª2013 Elsevier Inc. 569
Developmental Cell
Functional Genomics of Centriole Formation20 mMsiRNA and 4 ml of lipofectamine (13778150; Life Technologies). For DNA
transient transfection, 70% confluency HeLa cells in 6-well plates were trans-
fected with 2–3 mg DNA and 2 ml Lipofectamine 2000 (11668019; Life Technol-
ogies). Inducible cell lines were generated using a tet-on inducible system
(Bach et al., 2007). Briefly, U2OS cells were transfected with 7 mg of
pEBTet-C2CD3siRNA-Resist -EGFP or pEBTet-TRIM37siRNA-Resist-EGFP, plus
DNA and 2 ml Lipofectamine 2000. After 24 hr, cells were exposed to 1 mg/
ml puromycin for 1–2 weeks and then frozen in 10% DMSO. Expression was
induced using 1 mg/ml doxycyclin (D9891; Life Technologies). For rescue ex-
periments, doxycyclin was added typically 24 hr after siRNA transfection.
Alternatively, rescue experiments were performed in HeLa cells depleted of
TRIM37 by siRNA and transiently transfected 24 hr thereafter with pEBTet-
TRIM37siRNA-Resist -EGFP or pEBTet- pEBTet-TRIM37-SSsiRNA-Resist -EGFP.
To induce primary cilia, the medium of RPE-1 cells grown to confluency was
replaced by DMEM F-12 0.5% FCS; to assess the impact of C2CD3 depletion,
RPE-1 cells were subjected to two rounds of siRNA transfection. DNA content
was analyzed after propidium iodide staining using FACS (BD Accuri C6 flow
cytometer).
U2OS or U2OS cells expressing TRIM37siRNA-Resist -EGFP were arrested in
S phase for 72 hr with 8 mM hydroxyurea 24 hr after transgene induction,
and fixed thereafter. HeLa cells were siRNA transfected and synchronized
using a double-thymidine block, incubating with 2 mM thymidine for 17 hr,
releasing for 8 hr, and again incubating with thymidine for 17 hr. TRIM37 and
control siRNA transfections were performed with the first thymidine treatment.
Cells were then released, and samples were fixed for immunofluorescence
and FACS analysis. The PLK1 inhibitor BI-2536 (S1109, Selleck Chemicals)
was used at 10 mM. Latrunculin A (L5163; Sigma-Aldrich-Aldrich) was used
at 5 mM for 2 hr before fixation.
Indirect Immunofluorescence
Cells grown on glass coverslips were fixed for 7 min in 20C methanol,
washed in PBS, and blocked for 30 min in 1% bovine serum albumin, 0.05%
Tween 20 in PBS. Cells were incubated overnight at 4C with primary anti-
bodies, washed three times for 5 min with 0.05% Tween 20 in PBS (PBST),
incubated for 1 hr at room temperature with secondary antibodies, washed
three times for 5 min in PBST (with 1 mg/ml Hoechst 33258 included in the third
wash), and mounted.
Supplemental Experimental Procedures
A more extended version of the experimental procedures can be found in the
Supplemental Experimental Procedures, including sequences of the siRNAs,
primers, and antibodies used in this work.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
two figures, and two tables and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2013.05.016.
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